Dissimilatory metal reduction (DMR) is a microbial respiratory process in which the reduction of 3 an oxidized metal is coupled to energy conservation under anoxic conditions (10) . The most 4 abundant redox active metal in the Earth's crust is iron. Unlike other terminal electron acceptors, 5
Fe(III) which is found in soil or sediments occurs as solid phase crystalline iron oxides. 6 Therefore, dissimilatory Fe(III)-reducing microorganisms need to access an insoluble electron 7 acceptor by an extended respiratory electron transport chain. The composition of such an 8 extended electron transport chain and the molecular interaction of its components have been 9
intensely studied in the Fe(III)-reducing bacteria Shewanella and Geobacter (10, 25) . 10 11 So far five proteins were shown to play an essential role in the electron transport to extracellular 12 Fe(III) in S. oneidensis. The tetraheme c-type cytochrome CymA, which is localized to the outer 13 surface of the cytoplasmic membrane, catalyzes the transfer of electrons from menaquinol to 14 various periplasmic electron-accepting proteins including the fumarate reductase FccA (12, 15, 15 21 ). CymA appears to function as the entry point of an electron switch for several electron 16 transport pathways since a cymA mutant cannot grow with dimethylsulfoxide (DMSO), nitrate, 17 nitrite, fumarate or ferric iron as terminal electron acceptors (20)(21). In the outer membrane the 18 two decaheme cytochrome proteins OmcA and OmcB were shown to directly transfer electrons 19 to different insoluble Fe(III) oxides including hematite (2, 25, 29) . These two proteins form a 20 high affinity complex that catalyzes the electron transfer to ferric-NTA faster than these enzymes 21 do separately (24). Ross et al. demonstrated 
that MtrB and OmcB form a protein complex with 22
MtrA, which is a periplasmic decaheme c-type cytochrome (17, 18) . Mutants defective in mtrA 23 are unable to reduce ferric iron (3). The outer membrane protein MtrB seems to be crucial for 24 correct localization of OmcA and OmcB to the outer membrane (1, 13, 18) . Based on the 25 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from piperazineethanesulphonic acid (HEPES), 150 mM NaCl, 9 mM (NH 4 ) 2 SO 4 ) were supplemented 1 with 1 mM MgSO 4, 485 µM CaCl 2 , and trace elements (see above). If necessary, ampicillin (100 2 µg ml -1 ), kanamycin (50 µg ml -1 ) or chloramphenicol (30 µg ml-1) was added to the medium. 3
Cell fractionation. The periplasmic fraction of anoxically grown S.oneidensis cells was 4 prepared as described by Pitts et al. with polymyxin B (5, 17) . After polymyxin B treatment the 5 cells were centrifuged at 15,000 x g and 4°C for 45 min. The supernatant comprised the 6 periplasmic fraction. The pellet was resuspended in one volume of 7 0.1 M HEPES pH 7.5 containing 0.1 mg ml -1 DNase I and passed through a French press cell at 8 137 MPa. Unbroken cells were removed by two consecutive centrifugations at 3,000 x g and 9 4 °C for 10 min. The supernatant was centrifuged at 208,000 x g and 4°C for 90 min. The pellet 10 containing the cell membranes was resuspended in 0.1 M HEPES pH 7.5. The method was 11 evaluated using three different assays. 12 i) Cellular fractions of a ∆mtrB mutant expressing MtrB with a c-terminal strep-tag were 13 used to monitor possible outer membrane contamination within the periplasmic 14 fraction. The fusion protein was detected on a western blot using a primary strep-tag 15 antibody (Quiagen, Hilden, Germany) and a secondary alkaline phosphatase labelled 16 antibody. The blot was developed using an alkaline phosphatase conjugate substrate 17 kit (Biorad, München, Germany) according to the manufacturer's instructions. 18 ii) NADH dehydrogenase activity was measured according to Osborn et al. to detect 19 cytoplasmic membrane contaminations in the periplasmic fraction (16). 20
iii) The lipid A content of membrane and periplasmic fraction was measured to detect 21 possible outer membrane contaminations in the periplasmic fraction. media to an OD 600 of 0.6 and then induced by addition of 10 mM arabinose to the media. Cells 5 were harvested 4 hours after induction. MtrB was cloned into pBAD202 using the primers 3 and 6 4 (Tab. 2). Primer 3 contained the sequence coding for a NcoI cleavage site. Primer 4 contained 7 the sequence coding for a c-terminal strep-tag and a HindIII cleavage site. PCR fragments were 8 cleaved and cloned into pBAD202. The resulting plasmid was transformed into S. oneidensis 9 MR1 ∆mtrB. Heterologous protein expression was induced by addition of 1 mM arabinose to the 10 medium. MtrA was first cloned into pASK-IBA44 using the primers 5 and 6 (Tab. 2). Primer 5 11 contained the sequence coding for a BsaI cleavage site and the 3`region adjacent to the sequence 12 coding for the native sec-leader peptide of mtrA. The reverse primer also contained a BsaI site. 13
The PCR fragment was cleaved and cloned into pASK-IBA44. This led to the 5` addition of the 14 ompA leader sequence for sec-system transfer into the periplasm. The sequence coding for a his-15 tag was inserted between the strep-tag and mtrA via inverse PCR using primers 7 and 8 (Tab. 2). 16
MtrA strephis was cloned via TOPO cloning into pBAD202 with primers 9 and 10 to increase 17 protein yields (pBAD mtrAstrephis ) (Tab. 2). Since purification of the expressed protein using the n-18 terminal strep-tag was not possible, we replaced the single strep-tag of mtrA strephis Purification of fusion proteins. Cells were harvested via centrifugation at 3,000 x g and 4°C for 3 10 min, resuspended in 0.1 M HEPES pH 7.5 containing 0.1 mg ml -1 DNase I and passed 4 through a French press cell at 137 MPa. The broken cells were spun at 208,000 x g and 4°C for 5 90 min. MtrA onestrep and FccA strep were both purified using a 10 ml strep-tactin macroprep 6 column (Iba, Göttingen, Germany). The purifications were performed according to the 7 manufacturer's instructions. 8
Construction of an E.coli cymA-mtrA strain. S. oneidensis mtrA was amplified using primers 9 15 and 16 (Tab. 2). The resulting fragment was cleaved with BamHI and cloned into pJG1 10 resulting in plasmid pJG2. Integration of the fragment containing the cymA-mtrA operon into the 11 genome of AS427 was performed as described before (9). 12 Construction of a markerless mtrA, mtrB and fccA deletion in S. oneidensis. 500 bp regions 13 flanking mtrA (primers 17-20) , mtrB (primers 21-24) and fccA (primers 25-28) were amplified 14 (Tab. 2). The resulting fragments contained overlapping regions to the vector pMQ150 (Shanks, 15 unpublished) and to themselves. The suicide plasmid pMQ150 was cleaved with BamHI and 16 SalI. The two fragments and the vector were combined in Sacharomyces cerevisiae according to 17 Shanks et al. (23) . Markerless deletions were later introduced as described elsewhere (27) . 18
Enzyme assays with E. coli membrane fractions. AS457 cells were grown anoxically in M9 19 minimal medium with 70 mM DMSO as terminal electron acceptor. The cymA containing 20 operon was induced with 0.43 mM anhydrotetracycline. As a control AS457 was grown under 21 the same conditions without inducer. Cell membranes were prepared as described above. 22
Membrane integrity was tested using NADH dehydrogenase activity, which was measured 23 photometrically according to Osborn et al. (16) . All further steps were performed under anoxic 24 conditions at 30°C. The reaction mixture (500 µl total volume) contained 0.1 M HEPES pH 7.5, 25
on November 12, 2017 by guest http://aem.asm.org/ Downloaded from 10 mM glycerol-3-phosphate and 10 µl or 20 µl membrane fraction (1.53 mg protein ml -1 ). The 1 reactions were started by the addition of 1.5 nmol MtrA onestrep or FccA strep and the cytochrome 2 reduction was observed at 552 nm using a Cary100 spectrophotometer (Varian, Darmstadt, 3 Germany). The measured rates between the independent experiments varied in a range of less 4 than 10%. 5
Ferric NTA reduction by E. coli cells expressing MtrA and CymA. E. coli strains AS457 and 6 JG146 were grown anoxically in mineral medium with 10 mM ferric NTA as terminal electron 7 acceptor and 50 mM glycerol as electron donor and carbon source. At various time points 100 µl 8 samples were taken and the reactions were stopped by the addition of 33 µl of 2 N HCl. The 9 ferrous iron concentration was measured using the ferrozine assay according to Ruebush et al. 10 (19) . 11 Direct electron transfer from MtrA onestrep to FccA. All steps were performed under anoxic 12 conditions at 30°C. The assay (1 ml total volume) contained 0.1 M HEPES pH 7.5, 1.2 nmol 13
MtrA, 1 mM dithionite, 10 mM fumarate and 120 pmol FccA strep . First MtrA onestrep was reduced 14 by dithionite. After the addition of 10 µmol fumarate the reduction status of the protein was 15 recorded for 10 min with scans from 300 to 600 nm. MtrA onestrep remained reduced for the whole 16 preincubation time. The addition of FccA strep led to a fast reoxidation of MtrA onestrep , which was 17 recorded at 552 nm using a Cary100 spectrophotometer (Varian, Darmstadt, Germany). The 18 measured rates between the independent experiments varied in a range of less than 10%. 19
Enzyme assays with S. oneidensis membrane fractions. S. oneidensis wild type and ∆mtrA 20 mutant cells were grown anoxically in minimal medium with 50 mM fumarate as sole electron 21 acceptor. Membrane fractions of these cells were prepared as described above. All further steps 22
were performed under anoxic conditions at 30°C. The reaction mixture (500 µl total volume) 23 contained 0.1 M HEPES pH 7.5, 1 mM hematite and 15 or 25 µl of the two membrane fractions. 24 added to the reaction mixture and the reoxidation of FccA was recorded via scanning from 300 1 to 600 nm using a Cary100 spectrophotometer (Varian, Darmstadt, Germany). The measured 2 rates between the independent experiments varied in a range of less than 10%. 3
Quantification of cells and ferrous iron during growth experiments with hydrous ferric 4
oxide as terminal electron acceptor. S.oneidensis strains JG7 and JG207 were grown under 5 anoxic conditions in mineral medium containing 30 mM DMSO as electron acceptor and 25 mM 6 lactate as electron donor. In mid logarithmic growth phase, cells were washed with mineral 7 media without electron donor or acceptor and transferred to medium containing 10 mM hydrous 8 ferric oxide (22) as terminal electron acceptor and 25 mM lactate as electron donor and carbon 9 source. At various time points 1200 µl samples were taken. 100 µl of these samples were used 10 for measuring the ferrous iron concentration according to Ruebush et al. (19) . 1000 µl were 11 centrifuged for 5 min at 10,000 g. The pellet was washed with 0.75 M HCl. The cells were fixed 12 with 750 µl 4% (w/v) paraformaldehyde and 250 µl PBS buffer pH 7. After a 12 h incubation at 13 4 °C cells were washed 2 times with PBS-buffer pH 7 and resuspended in a 1:1 mixture of 99% 14 ethanol and PBS-buffer pH 7. Cells were counted in a Neubauer counting chamber. 15
SDS-PAGE of protein 16
Polyacrylamide gels (10 %) were performed by the Laemmli method (6). Proteins were 17 visualized by Coomassie blue staining. Gels were examined for the presence of c-type 18 cytochromes by heme-linked peroxidase staining as described previously (9). 19
Determination of protein. 20
Protein was determined by the method of Bradford using bovine serum albumin as standard (6). 21
Peptide mass fingerprinting of excised heme-stained protein bands. Periplasmic fractions 22 from S. oneidensis cells grown with ferric citrate as sole electron acceptor and lactate as electron 23 donor were loaded on a 10% SDS gel. Heme containing proteins were stained as described 24
above. Bands at 32, 35 and 62 kDa were excised from the gel. Peptide mass fingerprinting using 25
Results

1
Abundance of MtrA and FccA in the periplasm of S. oneidensis cells grown under ferric 2 citrate reducing conditions. 3
Three abundant c-type cytochrome proteins with molecular masses of 62, 35, and 32 kDa were 4 identified in the periplasm of ferric citrate grown S. oneidensis cells (Fig. 1A) . Mass 5 spectrometric analysis of the heme-containing protein bands identified the 62 kDa protein as 6
FccA (30% fragment coverage with 19 peptide hits), the 35 kDa protein as bacterial 7 cytochrome c peroxidase BCCP (52% fragment coverage with 18 peptide hits) and the 32 kDa 8 protein as MtrA (21% fragment coverage with 8 peptide hits). MtrA was previously shown to be 9 necessary for ferric iron reduction in S. oneidensis (3) and might mediate the electron transfer to 10 outer membrane cytochromes (18). While previous experiments showed that MtrA is exclusively 11 associated with the membrane fraction (18), in the experiments presented here about 46% of the 12 total MtrA pool was localized to the periplasmic protein fraction, while the other 54% were 13 present in the membrane fraction (Fig. 1B) . Three different control reactions were performed to 14 exclude that the presence of MtrA in periplasmic fractions is due to a carry over of membranes. As we found abundant MtrA protein in the periplasm of S. oneidensis, we wondered whether 5
MtrA interacts with and can be reduced directly by CymA. In previous experiments it was shown 6 that in an in vitro assay CymA can be reduced by E. coli membrane fractions using glycerol-3-7 phosphate as electron donor (9). To test for an electron transfer between CymA and MtrA, this 8 assay was extended by limiting the concentration of CymA to catalytic amounts (15.3-30 .6 µg of 9 total membrane fraction protein containing CymA) and by adding purified MtrA onestrep (1.5 10 nmol). A reduction of hemes observed in this spectrophotometric assay at 552 nm could be due 11 only to the reduction of MtrA onestrep since the amount of reduced CymA was too low to cause a 12 change of absorbance. Therefore, the modified assay tested whether CymA was necessary for 13 mediating the reduction of MtrA with electrons derived from glycerol-3-phosphate oxidation. 14 15 One-strep-tagged MtrA onestrep was purified from E. coli strain JG93 containing also cytochrome 16 maturation genes in a single chromatography step using a strep-tag affinity column (Fig. 2) . 17
CymA-containing membranes were prepared from cymA expressing E. coli strain AS457. 18
Expression of cymA was induced upon addition of 0.43 mM anhydrotetracycline. Membrane 19 fractions of the induced strain were prepared, and catalytic amounts of these membrane fractions 20 were added to an anoxic cuvette with 10 mM glycerol-3-phosphate as electron donor. After 21 addition of 1.5 nmol purified MtrA onestrep a reduction rate of 121 nmol min -1 mg -1 membrane 22 protein was recorded. No reduction of MtrA onestrep was observed when membrane fractions of un-23 induced AS457 were added, indicating that MtrA reduction is mediated by CymA. 24
The same set of experiments was conducted with purified FccA strep (Fig. 2) MtrA onestrep , and the oxidation state of the MtrA onestrep was followed spectrophotometrically at 11 552 nm (Fig. 4) . MtrA onestrep remained reduced for a time period of at least 10 min. Thereafter, 12
FccA strep (120 pmol) was added, and after a short lag a rapid oxidation of MtrA onestrep was 13 observed at a maximum rate of 1.16 µmol min -1 mg -1 MtrA onestrep (Fig. 4) . This oxidation did not 14 occur when fumarate was omitted from the reaction mixture (Fig. 4) Hence, S. oneidensis ∆fccA and wild type cells were pregrown in minimal media containing 10 DMSO as terminal electron acceptor. At mid logarithmic growth phase, cells were transferred to 11 minimal media containing hydrous ferric oxide as terminal electron acceptor (Fig. 6) . At all 12 taken time points ∆fccA mutant cells reduced ferric iron faster than the wild type. In contrast, cell 13 counts revealed that the wild type was able to build up biomass on the same level or even more 14 than the ∆fccA mutant. When S. oneidensis ∆fccA was complemented with fccA expressed from a 15 plasmid iron reduction and cell growth resembled the wild type again (data not shown). Since a 16 decrease in the reduction rate of ferric iron is not coupled to a decrease in cell growth in the wild 17 type we conclude that FccA can act as a transient electron storage that is filled with electrons via 18 reaction kinetics that are faster than electron transfer to an extracellular electron acceptor. This 19 electron storage could allow for a faster initial growth rate compared to the ∆fccA mutant. In this study, we conducted in vitro experiments to examine electron transport properties of c-2 type cytochromes that could play physiological roles in the electron transfer between 3 cytoplasmic membrane CymA and the outer membrane cytochromes in S. oneidensis MR-1. 4
While determining the abundance of multiheme proteins in the membrane and periplasmic 5 fractions, we were surprised to find 46% of the total MtrA protein in the periplasmic fraction of 6 S. oneidensis cells (Fig. 1B) . Using an osmotic shock method, which is different from the 7 polymyxin B treatment used here, Ross et al. previously to reduce fumarate (20). Because of its unexpected abundance, we re-examined its potential role 2 in electron transfer to the outer membrane under Fe(III)-reducing conditions. We found in in 3 vitro experiments a rapid, reversible electron transfer between MtrA and FccA (Fig. 4) . We also 4 provided evidence for an electron transfer between FccA and an MtrA/MtrB/OmcB outer 5 membrane complex (Fig. 5) . This electron transfer was not detectable in the absence of MtrA 6 again indicating a key role of MtrA in the membrane spanning electron transfer to OmcB and 7
OmcA. Therefore, under Fe(III)-reducing conditions, FccA could accept electrons from CymA 8 and transfer them to MtrA. MtrA, in turn, could then transfer the electrons to OmcB. The highly 9 abundant FccA could function as a periplasmic 'overflow' buffer of electrons. Evidence for this 10 role is provided in the conducted comparative growth experiments. Here ∆fccA cells reduced 11 more ferric iron than the wild type but this reduction was not coupled to an accelerated growth. 12
In the contrary wild type cell counts were always higher than ∆fccA cell counts. Hence, we 13 FccA under environmental conditions might be to act as electron storage rather than as a 22 fumarate reductase since availability of exogenous fumarate is usually low (4). This hypothesis 23 would be in line with data from Butler et al. that shows for Geobacter sulfurreducens that this 24 organism does contain a fumarate reductase but that the physiological role of this enzyme is to 1 act as a succinate dehydrogenase in the tricarboxylic acid cycle (4). 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43 14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 
